The malfunction of the water distribution system (WDS) following severe earthquakes have significant impacts on the post-earthquake rescue. Moreover, the restoration priority of earthquake-induced pipeline damages plays an important role in improving the post-earthquake serviceability of WDS and the "seismic resilience". Thus, to enhance the seismic resilience of WDS, this study develops a dynamic cost-benefit method and introduces three existing methods to determine the restoration priority of pipeline damages based on a quantitative resilience evaluation framework. In this resilience evaluation framework, the restoration priority is firstly determined. Then the time-varying performance of post-earthquake WDS is modeled as a discrete event dynamic system. In this model, the system state changes after the reparation of pipeline damage, and the system performance is simulated by a hydraulic model to be consistent with the system state. In this study, this method is also tested and compared with other existing methods, and the results show that the system resilience corresponding to the restoration priority obtained by this method is close to that obtained by the global optimization method with a relative difference of less than 3%, whereas the calculation complexity is about 0.4% of the optimization model. It is concluded that this proposed method is valid. Sustainability 2020, 12, 914 2 of 22 response evaluation of WDS is conducted in various ways. For example, Li and He [7], Adachi and Ellingwood [8], and Lim and Song [9] evaluated the seismic serviceability of WDS via measuring the network connectivity reliability. Hwang et al. [10], Shi and O'Rourke [11], Yoo et al. [12], and Laucelli and Giustolisi [13] also utilized the hydraulic model for flow and pressure analysis to better understand of post-earthquake serviceability of WDS. Those above-mentioned models are of great importance for advance preparations to minimize the degree of system performance losses immediately after an earthquake. However, it was known these models are still limited in assisting in dealing with the system performance losses.
Introduction
The water distribution system (WDS) is an important lifeline infrastructure system to facilitate continuous service to its customers widely distributed over urban areas. When an earthquake disaster occurs, the structural damages of pipelines and other facilities may result in prolonged disruption of water services and further increased socio-economics losses. Therefore, it is crucial to evaluate the seismic performance of WDS for disaster prevention and mitigation.
Many models have been developed to evaluate the structural damage of pipelines and system performance affected by those damages. For example, Takada and Tanabe [1] , O'Rourke and Liu [2] , Shi [3] utilized a mechanical model to analyze the structural response of pipelines to transient ground seismic wave propagation or permanent movements of the ground. Isoyama et al. [4] , Jeon and O'Rourke [5] also used statistic formulas to estimate the average repair rate of pipelines according to earthquake damage records. Moreover, American Lifeline Alliance (ALA) [6] developed seismic fragility formulations for structural components of WDS, such as pipelines, tanks, and other water supply facilities. Based on the seismic fragility analysis of structural components, system-level
The concepts of resilience are routinely used in research in different disciplines. In engineering disciplines, Bruneau et al. [14] define the community seismic resilience as "the ability of social units to mitigate hazards, contain the effects of disasters when they occur, and carry out recovery activities in ways that minimize social disruption and mitigate the effects of future earthquakes". Based upon this, we accept the definition of the seismic resilience of WDSs as "the joint ability to resist any possible seismic hazards, repair the initial damage, and recover to normal operation." To quantify the resilience, a resilience index is built upon the post-earthquake performance of the WDS during a period from t 0 to t end (see Figure 1 ), where t 0 is the time of occurrence of an earthquake, t end is the end time of restoration. The post-earthquake period covers a disaster resistance stage (t 0 <t<t 1 ), a reaction stage (t 1 <t<t 2 ) and a recovery stage (t 2 <t<t end ). These three stages can respectively reflect the resistant, absorptive and restorative abilities of the WDS under that earthquake. Resilience is then quantified according to the targeted performance curve F(t) and the expected performance curve:
where F(t) is an index to measure the performance of the water distribution system at time t.
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where F(t) is an index to measure the performance of the water distribution system at time t. Figure 1 . Performance curve of a water distribution system (WDS) following an earthquake.
According to the hydraulic simulation results of the WDS, the post-earthquake performance of the WDS, F(t), is evaluated by the ratio of the actual supply to the required demand of the entire system. 
where Qavl,i(t) is the available supply of node I at time t, Q0 is the required demand of node I at time t, N is the number of nodes in the WDS. According to the hydraulic simulation results of the WDS, the post-earthquake performance of the WDS, F(t), is evaluated by the ratio of the actual supply to the required demand of the entire system. (2) where Q avl,i (t) is the available supply of node I at time t, Q 0 is the required demand of node I at time t, N is the number of nodes in the WDS. Figure 2 shows the framework for seismic resilience evaluation. A brief explanation of each step is provided below. To evaluate the seismic resilience of WDS, the performance of WDS is assessed through hydraulic simulation. The water distribution system components in the simulation include the pipelines, reservoirs, pumps, and other facilities. The current simulation only includes the seismic damages to pipelines. Figure 2 shows the framework for seismic resilience evaluation. A brief explanation of each step is provided below. To evaluate the seismic resilience of WDS, the performance of WDS is assessed through hydraulic simulation. The water distribution system components in the simulation include the pipelines, reservoirs, pumps, and other facilities. The current simulation only includes the seismic damages to pipelines. Step 3
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Step 1. Simulate the initial seismic damage of the system immediately after the earthquake. The damages of pipelines are determined by earthquake intensity and fragility curves of pipelines. The hydraulic model of WDS with damages is established. The damages of other facilities, such as pump stations and valves, are not considered in this study.
Step 2. Consider and input the available restoration resources, including the repair crew, equipment, and material. In this study, only the repair crews with sufficient support are considered, while the equipment and material requirement variation of different damages are not considered.
Step 3. Set the restoration priority for all discovered damages. A lot of pipelines are damaged after a severe earthquake and there are not enough repair crews available to attend to all the repairs of the damages immediately. Therefore, it is necessary to set a restoration priority for these damages. The methods of determining the restoration priority are described in detail in section 2.3.
Step 4. The system restoration simulation starts according to the pre-determined restoration priority determined in Step 3. The restoration process of the WDS is conducted by repairing the damaged pipelines one after another. Once a damaged pipeline has been fixed, the hydraulic model of the WDS is synchronously updated. The performance of the WDS is monitored through the hydraulic simulation executed by modifications of EPANET [28] . The restoration process continues until the system recovers to its pre-earthquake status. The restoration simulation model of the restoration process is developed in section 2.4.
Step 5. Once the restoration process is completed, each performance of the WDS can be obtained from the simulation results. The simulation results are corresponding to the restoration priority applied in Step 3. Based on it, the performance curve can be plotted and the seismic resilience index can be calculated by equation (1).
Determine the restoration priority of pipeline damages
In this section, three existing prioritization methods are firstly investigated. Following the investigation, a new prioritization method is presented. The new method takes account of the WDS performance benefits and the status of the WDS during the restoration (section 2.4.1 for explanation).
Introduction to existing methods (1) The single-criterion method
This method consists of three steps: 1) Select a proper criterion to evaluate the importance of pipelines in the WDS, 2) Determine a measurable indicator for the chosen criterion, and calculate the indicators for pipelines, 3) Sort the priority for damaged pipelines according to the indicators, to determine the priority for restoration actions. This method follows assumptions that a) the prioritization method should be 'as easy as possible' [23] , and b) the restoration actions can be Step 1. Simulate the initial seismic damage of the system immediately after the earthquake. The damages of pipelines are determined by earthquake intensity and fragility curves of pipelines. The hydraulic model of WDS with damages is established. The damages of other facilities, such as pump stations and valves, are not considered in this study.
Step 3. Set the restoration priority for all discovered damages. A lot of pipelines are damaged after a severe earthquake and there are not enough repair crews available to attend to all the repairs of the damages immediately. Therefore, it is necessary to set a restoration priority for these damages. The methods of determining the restoration priority are described in detail in Section 2.3.
Step 4. The system restoration simulation starts according to the pre-determined restoration priority determined in Step 3. The restoration process of the WDS is conducted by repairing the damaged pipelines one after another. Once a damaged pipeline has been fixed, the hydraulic model of the WDS is synchronously updated. The performance of the WDS is monitored through the hydraulic simulation executed by modifications of EPANET [28] . The restoration process continues until the system recovers to its pre-earthquake status. The restoration simulation model of the restoration process is developed in Section 2.4.
Step 5. Once the restoration process is completed, each performance of the WDS can be obtained from the simulation results. The simulation results are corresponding to the restoration priority applied in Step 3. Based on it, the performance curve can be plotted and the seismic resilience index can be calculated by Equation (1).
Determine the Restoration Priority of Pipeline Damages
In this section, three existing prioritization methods are firstly investigated. Following the investigation, a new prioritization method is presented. The new method takes account of the WDS performance benefits and the status of the WDS during the restoration (Section 2.4.1 for explanation).
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This method consists of three steps: (1) Select a proper criterion to evaluate the importance of pipelines in the WDS, (2) Determine a measurable indicator for the chosen criterion, and calculate the indicators for pipelines, (3) Sort the priority for damaged pipelines according to the indicators, to determine the priority for restoration actions. This method follows assumptions that (a) the prioritization method should be 'as easy as possible' [23] , and (b) the restoration actions can be prioritized even without hydraulic simulation. The key step of the method is to choose the criterion. Existing commonly used criteria include the pipe diameter [23] , the water flow through the pipeline, the distance to water source [22] , and other pipe attributes related to the restoration action. For example, "Pipes carrying higher water flow get higher repair priority" [22] is used as a single-criterion to determine the restoration priority for break pipes. The hydraulic importance (HI) of a pipeline is an index to quantize the decrease of the pressure of the WDS by excluding pipe [29] . The calculation of the HI can also assess the impacts of a pipe failure through closing the pipe, shown in Equation (3), which is suitable to determine the restoration priority for the damaged pipelines.
where HI j is the hydraulic importance of pipeline j, h i 0 is the pressure head at node i in normal working conditions, h i j is the pressure head at node i in the conditions of closing pipeline j, n is the number of the nodes in the WDS.
(2) The multi-criteria method This method consists of three steps: (1) Select two or more criteria to prioritize the restoration actions. (2) Classify the selected criteria as the primary criterion, secondary criterion and so on. (3) Prioritize the restoration actions by the primary criterion, as described in the single-criterion method. If any actions get the same priority by using the primary criterion, the second criterion is to be used to prioritize them. This method has been used in Luna et al. [30] studies. In detail, they give a higher priority to the breaks than the leaks (the prime criteria) and a next priority to the pipelines with a higher diameter (the secondary criteria). In the restoration process of the WDS after the 1994 Northridge earthquake, The LADWP (Los Angeles Department of Water and Power) [31] repaired the failures in the WDS through a three-criteria. Criterion 1 (the primary criterion) prioritizes the failure in the trunk pipeline than the distribution pipelines. Criterion 2 (the secondary criterion) prioritizes the break than the leak. Criterion 3 (the tertiary criterion) prioritizes the straight-line distance of the failure to the nearest water source, with the closest pipelines getting the highest priority.
(
3) The global optimization method
To prioritize the restoration actions, a discrete nonlinear combinatory optimization model is established in this method. The optimization model is generalized as:
Maximizes :
where Ephase 1 is the set of actions in the isolation phase (see Section 2.4.1 for explanation), Ip is the action p, Ephase 2 is the set of actions in the reparation phase, R q is the action q, → S is the restoration sequence (priority) of all actions, RI, calculated by Equation (1), is the objective function. The optimization model can be solved by using the evolution algorithms, such as a genetic algorithm [26, 32, 33] , which requires tens of thousands of times of hydraulic simulations resulting in a couple of days for calculation [27] .
The Dynamic Cost-benefit Method
This study developed this dynamic cost-benefit method, in which assigning a repair crew to a restoration action is regarded as an "investment". The duration time taken by the restoration action is Sustainability 2020, 12, 914 6 of 22 regarded as the "cost" of the "investment". The performance growth of the WDS generated by the action is treated as the "benefit" of the "investment". The priority of the action is determined by a dynamic indicator (DI), the ratio of the benefit to the cost, shown in Equation (6) .
where T m is the duration time taken by the restoration action m, S stands for the current status of the WDS, ∆F m (S) is the performance growth of the WDS generated by the action m in the WDS status S, which can be calculated by Equation (2) . DI m (S) is the dynamic importance indicator of the action m while the WDS is in status S.
Since the benefit of each restoration action depends on the current status of the WDS, it changes when the status of the WDS changes after the restoration is performed (see Figure 3 ). Therefore, the list of restoration actions changes and its restoration priority keeps changing as well. That is why the indicator of Equation (6) is named as a dynamic indicator. The procedures of the method are described as follow:
1.
Calculate F(S) by Equation (2), and the performance of the WDS is in the current status S.
2.
Obtain the actions set and the time taken by each action in the current status S. For instance, the actions set is {1, 2, 3} in the status S 1 , while {1, 2} in the status S 2 (see Figure 3 ).
3.
Calculate the performance of the WDS in the status S while the action m is completed, F (S+m). Evaluate the performance growth of the WDS, ∆F m (S) = F (S+m)-F(S).
4.
Evaluate the DI m (S) for each action m according to Equation (6).
5.
Give higher priority to the action with higher DI m (S), and update the current status once the action has been performed.
6.
Repeat 1~5 until all the restoration actions are performed. 7.
Each restoration action gets a dynamic importance indicator. 
where Tm is the duration time taken by the restoration action m, S stands for the current status of the WDS, ΔFm(S) is the performance growth of the WDS generated by the action m in the WDS status S, which can be calculated by Equation (2) . DIm(S) is the dynamic importance indicator of the action m while the WDS is in status S.
Since the benefit of each restoration action depends on the current status of the WDS, it changes when the status of the WDS changes after the restoration is performed (see Figure 3 ). Therefore, the list of restoration actions changes and its restoration priority keeps changing as well. That is why the indicator of equation (6) is named as a dynamic indicator. The procedures of the method are described as follow: 1. Calculate F(S) by equation (2), and the performance of the WDS is in the current status S. 2. Obtain the actions set and the time taken by each action in the current status S. For instance, the actions set is {1, 2, 3} in the status S1, while {1, 2} in the status S2 (see Figure 3 ). 3. Calculate the performance of the WDS in the status S while the action m is completed, F (S+m).
Evaluate the performance growth of the WDS, ΔFm(S) = F (S+m)-F(S). 4. Evaluate the DIm(S) for each action m according to equation (6). 5. Give higher priority to the action with higher DIm(S), and update the current status once the action has been performed. 6. Repeat 1~5 until all the restoration actions are performed. 7. Each restoration action gets a dynamic importance indicator.
Current status of the WDS
Possible status of the WDS Figure 3 . Illustration of the cost-benefit method schematic.
Post-earthquake restoration simulation
Assumptions and simplifications
To capture the characteristics of the real-time restoration process of the water distribution system after an earthquake, a simulation model of the restoration process is established based on the records of the post-earthquake restoration of WDS. Table 1 summarizes the assumptions and simplifications applied in the proposed model. The main features of this model include: (i) the 
Post-Earthquake Restoration Simulation
Assumptions and Simplifications
To capture the characteristics of the real-time restoration process of the water distribution system after an earthquake, a simulation model of the restoration process is established based on the records of the post-earthquake restoration of WDS. Table 1 summarizes the assumptions and simplifications applied in the proposed model. The main features of this model include: (i) the damage types of pipelines are divided into breaks and leaks by using the descriptions developed by Shi et al. [18] , (ii) different damage types require different kinds of restoration actions. For instance, a broken pipe requires two successive actions -isolation and replacement -to be recovered, while a leaking pipe only needs one action -reparation. (iii) the duration time of restoration actions can vary to repair different damages of the pipelines. 1 Restoration work is independent of each other, and there is no mutual support between repair crews;
2
Regardless of the movement time of repair crews between different locations;
The damage locations of pipelines are determined before the restoration;
The repair priority of damages is determined before the restoration and keep unchanged during the restoration process;
Only the damages of pipeline are included, the pump stations and the tanks are intact;
The physical status of WDS changes when restoration action performed;
7
Each crew can only carry out a single restoration action at a time;
8 When a repair crew completes a task, a new repair task is assigned immediately, without rest.
The restoration process is divided into two phases: isolation phase and reparation phase. In the isolation phase, only isolation actions are prioritized and performed. Following the isolation phase, the actions of replacement and reparation are then prioritized and performed in the reparation phase.
Although lots of pipelines and facilities damaged after an earthquake, the water supply should never stop if it is still able to provide water to the public. It is necessary to keep water supplying for supporting vital public services, such as hospitals. In the 2016 Tainan earthquake, patients with earthquake-related injuries constituted 62.8% of all traumatic patients in the 24-h aftermath [35] . There is much more water demand for hospital post-earthquake than pre-earthquake. Failure of a large number of pipes does not necessarily result in catastrophic impacts [17] . the study of Diao et al. [17] shows that some networks can still deliver 86% of total demand with 70% of pipes failed if critical pipes remain undamaged. Therefore, the water distribution network is assumed to be continuing to supply water during the restoration period. 
The Simulation Model of the Restoration Process
The restoration simulation model, based on the discrete-event simulation model, is applied to describe the relationship between the restoration actions and the status of WDS. The restoration model simulates the time-varying process of the restoration by tracking changes in the system status generated by the restoration actions.
There are four key elements in the restoration simulation model: entity, resource, variables, and event. The entities are the components in the real water distribution network such as pipelines, reservoirs, pumps and other facilities. The resource refers to the repair crew and repair material. The resource is a special type of element that can move and provide service to entities. The variables describe the states of the entity and resource. For pipelines, four types of variables/status (undamaged/open, leaking, broken, and closed) are considered. The event refers to a set of actions including isolation, reparation, and replacement. The event should be performed by the resources.
When an event (restoration action) has been performed, the variables (status) of the entities (pipelines) and resources (repair crews) related to the event will also change accordingly. In the model, the status of the pipes changes from broken to closed when they are isolated, and change from closed to undamaged/open when they are replaced. For a broken pipe, it should be isolated before being replaced. In addition, a leaking pipe only requires a reparation, and the pipe status changes from leaking to undamaged once its reparation is finished. The duration time T of each kind of restoration event/action is determined by Equation (7) [36]:
where n valve is the number of valves needs to be closed, d is the diameter of the damaged pipe, isolation, replacement, and reparation are the types of restoration events related to the damaged pipes.
The restoration priority of events (actions) should be set before scheduling the restoration process. The restoration events shall be sequenced according to the restoration priority. As shown in Figure 4 , the event is assigned to each available repair crew in sequence. The strategy to determine the restoration priority for each event is shown in Section 2.3. There are four key elements in the restoration simulation model: entity, resource, variables, and event. The entities are the components in the real water distribution network such as pipelines, reservoirs, pumps and other facilities. The resource refers to the repair crew and repair material. The resource is a special type of element that can move and provide service to entities. The variables describe the states of the entity and resource. For pipelines, four types of variables/status (undamaged/open, leaking, broken, and closed) are considered. The event refers to a set of actions including isolation, reparation, and replacement. The event should be performed by the resources.
When an event (restoration action) has been performed, the variables (status) of the entities (pipelines) and resources (repair crews) related to the event will also change accordingly. In the model, the status of the pipes changes from broken to closed when they are isolated, and change from closed to undamaged/open when they are replaced. For a broken pipe, it should be isolated before being replaced. In addition, a leaking pipe only requires a reparation, and the pipe status changes from leaking to undamaged once its reparation is finished. The duration time T of each kind of restoration event/action is determined by equation (7) [36]:
where nvalve is the number of valves needs to be closed, d is the diameter of the damaged pipe, isolation, replacement, and reparation are the types of restoration events related to the damaged pipes.
The restoration priority of events (actions) should be set before scheduling the restoration process. The restoration events shall be sequenced according to the restoration priority. As shown in Figure 4 , the event is assigned to each available repair crew in sequence. The strategy to determine the restoration priority for each event is shown in section 2.3.
Step Step 2
Step 3
Step Once the restoration priority for each event is set, a restoration schedule can be developed based upon the restoration priority and time taken by each event. Taking the damage scenario of WDS in Figure 5 at time t0 as an example, there are three damages and two repair crews. The pipes P6 and P11 have one leak each, and the P7 has one break. Thus, four restoration events (isolation of P7, replacement of P7, reparation of P6, reparation of P11) are required. If the restoration priorities are isolation of P7 first, reparation of P6 second, reparation of P11 third, and replacement of P7 last, the restoration schedule is developed in Table 2 . Each crew will follow the given schedule to isolate, Once the restoration priority for each event is set, a restoration schedule can be developed based upon the restoration priority and time taken by each event. Taking the damage scenario of WDS in Figure 5 at time t 0 as an example, there are three damages and two repair crews. The pipes P6 and P11 have one leak each, and the P7 has one break. Thus, four restoration events (isolation of P7, replacement of P7, reparation of P6, reparation of P11) are required. If the restoration priorities are isolation of P7 first, reparation of P6 second, reparation of P11 third, and replacement of P7 last, the restoration schedule is developed in Table 2 . Each crew will follow the given schedule to isolate, repair and replace damaged pipes. The restoration process of the WDS is presented in Figure 5 . In the beginning, Crews 1 and 2 are dispatched respectively to isolate P7 and repair P6. Once the Crew 1 finishes the isolation task, it moves to repair P11. At the same time, Crew 2 starts to replace P7 when P6 has been repaired. Figure 5 and Table 2 show that the schedule of the restoration process is determined by (a) the assumptions discussed in Section 2.4.1, (b) the rules of the discrete-event simulation model and (c) the restoration priority for each event. when P6 has been repaired. Figure 5 and Table 2 show that the schedule of the restoration process is determined by a) the assumptions discussed in section 2.4.1, b) the rules of the discrete-event simulation model and c) the restoration priority for each event. The break pipe can be isolated by close the valves nearby. As shown in Figure 6 , according to the positions of valves, the pipelines are divided into four categories. In the restoration simulation, to close a valve, a pipe containing it must be closed. A break pipe can be isolated by close itself if it is type 3. Two or more pipes need to be closed for the pipeline category 0, 1, or 2. Figure 7 illustrates the WDS segments formed by valves isolations. If the pipe P6 in segment 3needs to be isolated, then P3, P8, and P11 need to be closed. The break pipe can be isolated by close the valves nearby. As shown in Figure 6 , according to the positions of valves, the pipelines are divided into four categories. In the restoration simulation, to close a valve, a pipe containing it must be closed. A break pipe can be isolated by close itself if it is type 3. Two or more pipes need to be closed for the pipeline category 0, 1, or 2. Figure 7 illustrates the WDS segments formed by valves isolations. If the pipe P6 in segment 3needs to be isolated, then P3, P8, and P11 need to be closed. when P6 has been repaired. Figure 5 and Table 2 show that the schedule of the restoration process is determined by a) the assumptions discussed in section 2.4.1, b) the rules of the discrete-event simulation model and c) the restoration priority for each event. The break pipe can be isolated by close the valves nearby. As shown in Figure 6 , according to the positions of valves, the pipelines are divided into four categories. In the restoration simulation, to close a valve, a pipe containing it must be closed. A break pipe can be isolated by close itself if it is type 3. Two or more pipes need to be closed for the pipeline category 0, 1, or 2. Figure 7 illustrates the WDS segments formed by valves isolations. If the pipe P6 in segment 3needs to be isolated, then P3, P8, and P11 need to be closed. Figure 7 . Illustration of segments formed by valves.
Performance assessment of the WDS
To assess each performance of the WDS during the restoration process, an extended period of hydraulic simulation of the WDS is executed. The simulation has a total duration from t0 to tend with a time step of 1 hour. For each step, the status of the pipes will also be updated once they are isolated, repaired or replaced. Figure 8 shows the models for the broken and leaking of the pipelines in the hydraulic model [11, 37] . As presented, the leak (Figure 8a) is modeled by adding a dummy node with no demand, a fictitious pipe and an empty reservoir in the middle of the pipe (Figure 8b) . The elevation of the dummy node and reservoir are both equal to the average of the elevations of the end node of the pipe. A check valve is built into the fictitious pipe, allowing water to flow only from the leaking pipe to the reservoir but not the reverse. The roughness and minor loss coefficients of the fictitious pipe are taken as infinite and 1, respectively. The diameter of the fictitious pipe is determined by the leak orifice area which determined by the leak type [11] . The break (Figure 8c) is modeled by adding a dummy node, a fictitious pipe and a reservoir at both ends of the broken pipe ( Figure 8d ). The settings in break model are the same as the leak model except for that the diameter of the fictitious pipe in the break model is determined by the sectional area of the break pipe instead of the leak orifice area. In the hydraulic simulation, the Pressure Driven Analysis (PDA) approach is applied [38] , as shown in equation (8) . If the water pressure at node i satisfies the required pressure (Hi≥Hreq), the required demand is fully distributed. If the water pressure at node i is less than the required pressure, but larger than the minimum pressure (Hmin<Hi<Hreq), the required demand is partially supplied is depending on the nodal pressure. Finally, no water can be supplied for node i if its pressure is below the minimum pressure (Hmin). 
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Performance assessment of the WDS
To assess each performance of the WDS during the restoration process, an extended period of hydraulic simulation of the WDS is executed. The simulation has a total duration from t0 to tend with a time step of 1 hour. For each step, the status of the pipes will also be updated once they are isolated, repaired or replaced. Figure 8 shows the models for the broken and leaking of the pipelines in the hydraulic model [11, 37] . As presented, the leak (Figure 8a) is modeled by adding a dummy node with no demand, a fictitious pipe and an empty reservoir in the middle of the pipe (Figure 8b) . The elevation of the dummy node and reservoir are both equal to the average of the elevations of the end node of the pipe. A check valve is built into the fictitious pipe, allowing water to flow only from the leaking pipe to the reservoir but not the reverse. The roughness and minor loss coefficients of the fictitious pipe are taken as infinite and 1, respectively. The diameter of the fictitious pipe is determined by the leak orifice area which determined by the leak type [11] . The break (Figure 8c) is modeled by adding a dummy node, a fictitious pipe and a reservoir at both ends of the broken pipe ( Figure 8d ). The settings in break model are the same as the leak model except for that the diameter of the fictitious pipe in the break model is determined by the sectional area of the break pipe instead of the leak orifice area. In the hydraulic simulation, the Pressure Driven Analysis (PDA) approach is applied [38] , as shown in equation (8) . If the water pressure at node i satisfies the required pressure (Hi≥Hreq), the required demand is fully distributed. If the water pressure at node i is less than the required pressure, but larger than the minimum pressure (Hmin<Hi<Hreq), the required demand is partially supplied is depending on the nodal pressure. Finally, no water can be supplied for node i if its pressure is below the minimum pressure (Hmin). In the hydraulic simulation, the Pressure Driven Analysis (PDA) approach is applied [38] , as shown in Equation (8) . If the water pressure at node i satisfies the required pressure (H i ≥H req ), the required demand is fully distributed. If the water pressure at node i is less than the required pressure, but larger than the minimum pressure (H min <H i <H req ), the required demand is partially supplied is depending on the nodal pressure. Finally, no water can be supplied for node i if its pressure is below the minimum pressure (H min ).
where Q avl,i is the available water supply at node i, Q req,i is the required water demand at node i, H i is the actual head at node i, H min is minimal pressure head to supply water on the node, H req is the pressure head required to fulfill the demand.
Application and Results
Example Network and Damage Scenarios
The restoration priority methods described above and the restoration simulation model are applied to the WDS of Modena (see Figure 9 ). Modena is a medium city in the Emilia-Romagna region of northern Italy. The area of Modena is 183.2 square kilometers. The WDS of Modena city is used as a benchmark by Bragalli et al. [39] for the optimization design of WDS, the hydraulic model of this WDS is open access at the website of the Centre for Water Systems in Exeter University. The Emilia-Romagna region is prone to earthquakes, seismic events frequently occurred in this region since the 1800s [40] . In May-June 2012, consecutive earthquake sequence affected this region. The major event is the ML 5.9. earthquake on 20 May 2012, and produced serious damages. Modena is one of the cities hit by these seismic events [41] . As shown in Figure 9 , the network is comprised of four reservoirs with fixed pressure heads, 268 user nodes and 317 pipes. The nodes' elevations are distributed in a range from 30.39 m to 41.38 m, and the pipe diameters are ranging from 100 mm-400 mm. The normal water demand of the entire network is 406.94 L/s and the total length of the pipe is 71,810 m. 
where Qavl,i is the available water supply at node i, Qreq,i is the required water demand at node i, Hi is the actual head at node i, Hmin is minimal pressure head to supply water on the node, Hreq is the pressure head required to fulfill the demand.
Application and Results
Example network and damage scenarios
The restoration priority methods described above and the restoration simulation model are applied to the WDS of Modena (see Figure 9 ). Modena is a medium city in the Emilia-Romagna region of northern Italy. The area of Modena is 183.2 square kilometers. The WDS of Modena city is used as a benchmark by Bragalli et al. [39] for the optimization design of WDS, the hydraulic model of this WDS is open access at the website of the Centre for Water Systems in Exeter University. The Emilia-Romagna region is prone to earthquakes, seismic events frequently occurred in this region since the 1800s [40] . In May-June 2012, consecutive earthquake sequence affected this region. The major event is the ML 5.9. earthquake on May 20, 2012, and produced serious damages. Modena is one of the cities hit by these seismic events [41] . As shown in Figure 9 , the network is comprised of four reservoirs with fixed pressure heads, 268 user nodes and 317 pipes. The nodes' elevations are distributed in a range from 30.39m to 41.38m, and the pipe diameters are ranging from 100mm-400 mm. The normal water demand of the entire network is 406.94 L/s and the total length of the pipe is 71,810m. To compare the differences between the results of the three existing restoration prioritization methods and the proposed dynamic cost-benefit method, nine earthquake damage scenarios are randomly generated. The number of damaged pipelines in each scenario is presented in Table 3 . The number of damaged pipelines is determined according to the seismic repair rates of water supply pipelines and the length of pipelines in the WDS. The repair rates are acquired from the field investigation of the 2008 Ms8.0 Wenchuan earthquake [42] . In particular, the repair rates of cast iron pipelines under the Chinese seismic intensity {VII, VIII, IX} are {0.44,0.94,1.90}. These repair rates are applied to the scenarios {1-3,4-6,7-9} respectively. For each repair rate, three ratios of pipe break to pipe leak {1:9, 3:7, 5:5} are adopted to simulate different damage levels induced by the variety of geotechnical conditions and the strength degradation of pipelines. The locations of the damaged pipelines are randomly chosen for the nine scenarios (see Figure 10 ). Table S1 in supplementary material shows the detail information for each scenario. To compare the differences between the results of the three existing restoration prioritization methods and the proposed dynamic cost-benefit method, nine earthquake damage scenarios are randomly generated. The number of damaged pipelines in each scenario is presented in Table 3 . The number of damaged pipelines is determined according to the seismic repair rates of water supply pipelines and the length of pipelines in the WDS. The repair rates are acquired from the field investigation of the 2008 Ms8.0 Wenchuan earthquake [42] . In particular, the repair rates of cast iron pipelines under the Chinese seismic intensity {VII, VIII, IX} are {0.44,0.94,1.90}. These repair rates are applied to the scenarios {1-3,4-6,7-9} respectively. For each repair rate, three ratios of pipe break to pipe leak {1:9, 3:7, 5:5} are adopted to simulate different damage levels induced by the variety of geotechnical conditions and the strength degradation of pipelines. The locations of the damaged pipelines are randomly chosen for the nine scenarios (see Figure 10 ). Table S1 in Supplementary Material shows the detail information for each scenario. Table 3 . The damage information summary of nine scenarios. 1  4  28  32  2  10  22  32  3  16  16  32  4  8  64  72  5  22  50  72  6  36  36  72  7  14  123  137  8  42  95  137  9 69 68 137
Damage Scenarios No. Number of Breaks Number of Leaks Number of Damages
Sustainability 2019, 11, x FOR PEER REVIEW 12 of 22 Figure 10 . Damage scenarios. Table 3 . The damage information summary of nine scenarios. 1  4  28  32  2  10  22  32  3  16  16  32  4  8  64  72  5  22  50  72  6  36  36  72  7  14  123  137  8  42  95  137  9 69 68 137
Damage Scenarios No.
Number of Breaks
Number of Leaks Number of Damages
Parameters of the restoration simulation
In the post-earthquake restoration simulation, the number of available repair crews was set as two. The post-earthquake restoration would terminate whilst all the damaged pipelines have been recovered to normality. The tend of the post-earthquake restoration in Figure 1 is the time that all damages have been attended and recovered. In the restoration simulation, an extended period hydraulic simulation was executed with a time step of 1 hour or the time interval between two 
Parameters of the Restoration Simulation
In the post-earthquake restoration simulation, the number of available repair crews was set as two. The post-earthquake restoration would terminate whilst all the damaged pipelines have been recovered to normality. The t end of the post-earthquake restoration in Figure 1 is the time that all damages have been attended and recovered. In the restoration simulation, an extended period hydraulic simulation was executed with a time step of 1 h or the time interval between two sequential restoration actions. In each time step, the pressure-driven analysis (PDA) is utilized in the hydraulic simulation, and the required pressure head H req is set as 20 m, while the minimum pressure head H min is 0 m. The settings of the four methods for restoration priority are shown in Table 4 . It should be noted that the priority rules used by MCM are almost the same as those used by LADWP in the 1994 Northridge earthquake.
In Section 3.3, the assumption is accepted that shut-off valves exist at both ends of each pipe, which means all pipes are category 3 ( Figure 6 ) in the WDS. In Section 3.4, the effects of pipelines categories considering the position of valves are discussed. Solved by Genetic Algorithm, the population size is 300, the evolutionary generation is 100, the crossover probability is 0.9, the mutation probability is 0.1 DCBM the dynamic cost-benefit method Sorting the events by the DI
Results of Applications (Valves at Both Ends of Pipelines)
Comparison of Resilience Index (RI)
After the restoration simulation for each damage scenario of the WDS, the post-earthquake performance, F(t), from t 0 to tend was obtained, and the seismic resilience index was calculated by Equation (1) . Table 5 presents the RI of each damage scenario by using each method. In Table 5 , the restoration priorities determined by the global optimization method (GOM) and the dynamic cost-benefit method (DCBM) have higher RI values than the restoration priorities determined by the single-criterion method (SCM) and the multi-criteria method (MCM). This finding suggests that, in terms of resilience, the GOM and DCBM provide better restoration schedules for the post-earthquake restoration of the example WDS than the SCM and MCM in most scenarios. Among all the methods, the best restoration priority is provided by the GOM. Meanwhile, the RI of the DCBM is close to the GOM. The relative differences between the RIs of the DCBM and the GOM for scenarios {1-9} are {1.76%-2.25%}. For scenario 1, the RIs of the DCBM and the GOM are the same as each other resulted from that the restoration priority is almost the same (the restoration priority is in Table S2 in Supplementary Material). It was also found the RI values of the multi-criteria method (MCM) are the smallest in almost every scenario (except for scenario 1). The smallest RI values suggest that the indicator "straight-line distance to water resources" may be an ineffective index compared with the hydraulic importance (used in single-criterion method) for assessing the restoration priority of damaged pipelines. Due to the lack of earthquake damage records and recovery information, the methods were tested on the basis of simulated earthquake events. To the best of our knowledge, only Tabucchi and Davidson [31] validated the water distribution network restoration simulation based on the real restoration records in the earthquake. The hydraulic model of the damaged network in this study and in the research of Tabucchi and Davidson [31] are both built based on the same model developed by Shi and O'Rourke [11] . As mentioned before, the restoration rules used in MCM (multi-criteria method) are almost the same as the restoration rules used by the Los Angeles Department of Water and Power following the 1994 Northridge earthquake. As shown in Table 5 the RI values of DCBM (cost-effective method) are about 3.40%-12.35% higher than the RI values of MCM. Table S3 in Supplementary Material shows the restoration events and performance at each time step. Figure 11 presents the performance curves obtained from studying the nine scenarios by each method based on Table S3 . It was found the curves in general increase as the restoration progresses. In the isolation phase, the performance curves are almost overlapped with each other in Scenarios 1, 2, 4, and 7, which suggests that the restoration priorities of different methods in the isolation phase have little difference. These overlaps result from that the number of isolation events, determined by the number of broken pipes (listed in Table 3 ), is too small to make a difference. Moreover, the isolation priorities between different methods are almost the same (in Table S2 ). Performance enhancements are observed for all methods in the isolation phase. It was found that isolating the broken pipes can enhance the post-earthquake performance of the WDS. That is, isolating the broken pipes would not only reduce the water losses but also save the energy in the WDS. The saved water and energy can be used to satisfy users' demands and increase the performance curve. In Scenarios 2, 3, and 6, the sharp climbing in the performance curve means the isolation of broken pipes is an effective way when a trunk pipeline is damaged. In the reparation phase, the performance curves climb greatly at the beginning of Scenarios 1, 3, 4, 5, and 7. The climb is caused by the replacement of the isolated pipelines. It indicates that the water supply is greatly affected when some trunk pipelines are isolated. Once these pipelines are reopened, the performance will enhance dramatically. Figure 11 . The functionality recovery curve for nine scenarios.
Overview of Performance Curves
Performance curves of GOM and DCBM in scenario 7
Although the RIs obtained by both the GOM and DCBM are very close to each other, there are differences between their restoration processes. To compare the restoration processes determined by the restoration priorities obtained by GOM and DCBM, the post-earthquake performance curves of Scenario 7 obtained by the two methods are detailed in Figure 12 . Figure 12a shows the turning Points A to F on the curves present the differences between the curves of GOM and DCBM. The The enhancements of both the performance in the isolation phase and the reparation phase imply that there are two kinds of important pipelines in the network. The first kind of pipelines greatly affects the performance of the water distribution network when it is broken. Therefore, this kind of pipeline should be isolated as soon as possible. The second kind of pipelines affects performance when it closed. They need to be replaced as early as possible to restore the post-earthquake performance of the WDS.
Performance Curves of GOM and DCBM in Scenario 7
Although the RIs obtained by both the GOM and DCBM are very close to each other, there are differences between their restoration processes. To compare the restoration processes determined by the restoration priorities obtained by GOM and DCBM, the post-earthquake performance curves of Scenario 7 obtained by the two methods are detailed in Figure 12 . Figure 12a shows the turning Points A to F on the curves present the differences between the curves of GOM and DCBM. The isolation phase of the curves is from Point A to Point B, and the reparation phase is from Point B to Point F. The two curves are close to each other on the whole, and the average relative difference of performance (F(t)) between the two curves is only 2.00%. This finding shows that RIs are close between the two methods. The two curves are almost overlapped between Points A and D, and the curve of the GOM is lower than the DCBM from Point D to Point E. Then the performance of the GOM becomes higher from Point E to Point F than the DCBM. A sharp increase can be seen at Point C in Figure 12b . The restoration events performed between Points B and point D are presented in Table 6 (detail information can be found in Table S3 ). It shows that the restoration event "replaced pipe 292" is the main cause for the sharp increase. Figure 13 also shows the topology and flow parameters of the example WDS near the Pipe 292. The Pipe 292 carries 77.7% of the water supplied by the reservoir 269. This finding indicates that Pipe 292 is a trunk pipeline that should be replaced as soon as possible. Therefore, both methods can identify the key pipeline and assign a high restoration priority to this pipeline. As shown in Figure 12c , the performance curve of the GOM becomes higher than the DCBM from Point E. It is because Pipe 40 has been replaced earlier in the GOM than in the DCBM. The post-earthquake performance curves of Scenario 6 are selected to illustrate the differences in the restoration process determined by the SCM, the MCM, and the DCBM. Figure 14 shows the performance curves of Scenario 6 by using the three methods. The isolation phase is between Point A Figure 13 . The partial network around resource 269. 
Performance Curves of SCM, MCM, and DCBM in Scenario 6
The post-earthquake performance curves of Scenario 6 are selected to illustrate the differences in the restoration process determined by the SCM, the MCM, and the DCBM. Figure 14 shows the performance curves of Scenario 6 by using the three methods. The isolation phase is between Point A and Point B, and the reparation phase is between Point B and Point F. replacement of isolated pipelines, according to their break types, triggers higher performance growth of the WDS than reparation of a leaking pipeline.
From Point E to Point F, the restoration priority is dominated by the secondary criterion of the MCM, "straight-line distance to the nearest resource". The performance curve of the MCM goes flat compared to the other two methods, implying that the criterion may not be an effective criterion to prioritize the restoration events. Some leaks at branch pipelines may be near the water sources, but their reparations bring less performance growth of the water distribution network than the leaks far from the sources in the trunk pipeline. Under this condition, these kinds of near-source leaks may not need to be repaired early due to the resource limitation. Replaced pipe 135 0.6668 D
Computation complexity of the four methods
This section is to compare the computation complexities of the four prioritization methods described in section 2.3 and Table 4 . The computer used is with Intel Core i5-8500 3.00 GHz and 8 GB RAM. The problems are modeled in MATLAB 2019a.
In the restoration simulation, the hydraulic model with damage scenario is generated first. Hydraulic simulation is then performed by EPANETpdd.dll [28] . During the hydraulic simulation, the statuses of damaged pipelines change with the restoration actions. The time spent on the hydraulic simulation and update statuses of pipelines of the hydraulic model of the WDS takes the main part of the whole procedure of each method. The number of single period hydraulic simulations (SPHS) of WDS is regarded as an indicator to measure the computation complexity of each method. Table 8 presents the number of SPHSs and time required for each method in the nine Figure 14 . The functionality curves for the single-criterion method (SCM), the multi-criteria method (MCM), and DCBM in Scenario 6.
Compared to the DCBM, the performance curve of the SCM climbs slowly between B and C. Table 7 presents the restoration events performed between B and D according to the SCM (detail information can be found in Table S3 ). Table 7 also shows the replacement of Pipe 135 causes a dramatic climbing in the performance curve of the SCM, after the reparations of Pipe 291, 66, and 68. This is because SCM cannot determine or show the types of pipeline damages. It was found the replacement of isolated pipelines, according to their break types, triggers higher performance growth of the WDS than reparation of a leaking pipeline. Replaced pipe 135 0.6668 D From Point E to Point F, the restoration priority is dominated by the secondary criterion of the MCM, "straight-line distance to the nearest resource". The performance curve of the MCM goes flat compared to the other two methods, implying that the criterion may not be an effective criterion to prioritize the restoration events. Some leaks at branch pipelines may be near the water sources, but their reparations bring less performance growth of the water distribution network than the leaks far from the sources in the trunk pipeline. Under this condition, these kinds of near-source leaks may not need to be repaired early due to the resource limitation.
Computation Complexity of the Four Methods
This section is to compare the computation complexities of the four prioritization methods described in Section 2.3 and Table 4 . The computer used is with Intel Core i5-8500 3.00 GHz and 8 GB RAM. The problems are modeled in MATLAB 2019a.
In the restoration simulation, the hydraulic model with damage scenario is generated first. Hydraulic simulation is then performed by EPANETpdd.dll [28] . During the hydraulic simulation, the statuses of damaged pipelines change with the restoration actions. The time spent on the hydraulic simulation and update statuses of pipelines of the hydraulic model of the WDS takes the main part of the whole procedure of each method. The number of single period hydraulic simulations (SPHS) of WDS is regarded as an indicator to measure the computation complexity of each method. Table 8 presents the number of SPHSs and time required for each method in the nine damage scenarios. The GOM takes the largest time and number of SPHSs, which correspond to the largest computational burden. In the different damage scenarios of the WDS, the number of SPSH of DCBM is about 0.10%-0.34% of the GOM, and the MCM has the least computational time and number of SPSH due to no SPHS is required in its procedure. Table 4 indicates the great advantage of the DCBM over GOM in terms of computation complexity. The GOM requires the largest time and number of SPHSs because the genetic algorithm is used to solve the optimization problem in its procedure. In the evolution process of the genetic algorithm, the performance of WDS corresponds to every possible restoration schedule (individual) at each generation. It needs to be evaluated through the restoration simulation, causing an extended period of hydraulic simulation (EPHS). There are two main factors affecting the number of hydraulic simulations, being (a) the population and generation setting in the genetic algorithm, and (b) the length of the extended period hydraulic simulation. The former is affected by specific technologies utilized in the generic algorithm. The latter is affected by the number of restoration events related to the number of pipeline leaks and breaks. Although the RI values of individuals are stored to avoid repeated calculation, tens of thousands of SPHS are still needed.
Results of Application (Considering Positions of Valves)
To consider the effects of the positions of valves illustrated in Figure 6 . In this subsection, the position of valves in the WDS of Modena is randomly generated. The proportions of each pipeline category are set the same to the benchmark WDS of BPDRR in CCWI/WDSA 2018 [36] . The pipeline categories considering the valves' positions of Modena are shown in Figure 15 . The seismic damage Scenarios 1, 2, and 3 of the WDS are applied.
To consider the effects of the positions of valves illustrated in Figure 6 . In this subsection, the position of valves in the WDS of Modena is randomly generated. The proportions of each pipeline category are set the same to the benchmark WDS of BPDRR in CCWI/WDSA 2018 [36] . The pipeline categories considering the valves' positions of Modena are shown in Figure 15 . The seismic damage Scenarios 1, 2, and 3 of the WDS are applied. Table 9 shows the RI values for each method and Figure 16 shows the restoration curves. The RI values and restoration curves indicate that the GOM and DCBM provide better restoration schedules than the SCM and MCM when considering the positions of valves, which is consistent with the result in section 3.3. In addition, the RI values considering valves' positions are less than these values without considering valves' positions. The RI values for DCBM considering valves' position are 1.02%, 0.27%, and 1.21% less than these values without considering the valve's position in Scenarios 1, 2, and 3, respectively. Therefore, the DCBM is effective no matter considering valves' positions or not. Figure 15 . Illustration of pipe types distribution. Figure 15 . Illustration of pipe types distribution. Table 9 shows the RI values for each method and Figure 16 shows the restoration curves. The RI values and restoration curves indicate that the GOM and DCBM provide better restoration schedules than the SCM and MCM when considering the positions of valves, which is consistent with the result in Section 3.3. In addition, the RI values considering valves' positions are less than these values without considering valves' positions. The RI values for DCBM considering valves' position are 1.02%, 0.27%, and 1.21% less than these values without considering the valve's position in Scenarios 1, 2, and 3, respectively. Therefore, the DCBM is effective no matter considering valves' positions or not. Table 9 . RI values considering the positions of valves. 
Scenario
Conclusions
Lots of pipelines are damaged during a severe earthquake and it can affect the water distribution systems (WDS). Owing to the limited post-earthquake available resources, it is necessary to prioritize the restoration actions of the damages. This study thus proposed a dynamic cost-benefit method to determine the restoration sequence of the WDS damaged by earthquakes to enhance the post-earthquake performance of WDS, with a further goal to increase the seismic resilience of the WDS. In this study, the post-earthquake restoration process of the WDS was simulated according to the restoration priority by a discrete event dynamic system-based model. It was found the post-earthquake status and hydraulic performance of the WDS changed according to 
Lots of pipelines are damaged during a severe earthquake and it can affect the water distribution systems (WDS). Owing to the limited post-earthquake available resources, it is necessary to prioritize the restoration actions of the damages. This study thus proposed a dynamic cost-benefit method to determine the restoration sequence of the WDS damaged by earthquakes to enhance the post-earthquake performance of WDS, with a further goal to increase the seismic resilience of the WDS. In this study, the post-earthquake restoration process of the WDS was simulated according to the restoration priority by a discrete event dynamic system-based model. It was found the post-earthquake status and hydraulic performance of the WDS changed according to the process of restoration actions. The seismic resilience was also evaluated based on the post-earthquake performance curve of the WDS in this study.
The dynamic cost-benefit method for restoration prioritization is proposed to get better post-earthquake performance curves of the WDS with less computation burden. In the case study, the application results of the proposed method were compared with the other three existing prioritization methods (a. the single-criterion method based on hydraulic importance, b. the multi-criteria method based on the type of damage and the distance to sources, and c. the global optimization method targeting for maximum resilience). The results show that: (i) the global optimization method achieves higher resilience index than the other three methods in most scenarios, and the resilience indexes obtained by the proposed dynamic cost-benefit method are very close to resilience indexes obtained by the global optimization method, with less than 3% relative differences, (ii) it was found the performance curves obtained by the global optimization method and the dynamic cost-benefit method are close to each other. This indicates that the resilience indexes of these two methods are similar to each other, (iii) it was found the global optimization method and the dynamic cost-benefit method can identify the priorities of the pipeline repairs/replaces. It was also found these methods could significantly affect the performance of the WDS during restoration process, (iv) neither the hydraulic importance of pipeline used in the single-criterion method nor the straight-line distance to sources used in the multi-criteria method are an effective criterion to prioritize the restoration actions, (v) the global optimization method takes the largest computation complexity among the four methods. On the contrary, the computation complexity of the proposed dynamic cost-benefit method takes only about 0.1%~0.34% of the global optimization method.
This proposed model has some limitations. For example, in the simulation model for the post-earthquake restoration of WDS, the assumptions and simplifications make important impacts on the validity of the proposed model, although this study was developed based on previous research and existing references. Some factors, such as the travel time of repair crews should be considered in the model in the future. In addition, due to the uncertainty in seismic damage determination and the post-earthquake restoration process, stochastic analysis by Monte Carlo simulation should be taken into consideration to evaluate the seismic resilience of the WDS in the future. Nevertheless, many researchers shall find this method useful as a reference for the disaster resilience evaluation of infrastructure systems.
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